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At birth, the mammalian lung is still immature. The alveoli are not yet formed and the interairspace walls
contain two capillary layers which are separated by an interstitial core. After alveolarization (first 2 postna-
tal weeks in rats) the alveolar septa mature: their capillary layers merge, the amount of connective tissue
decreases, and the mature lung parenchyma is formed (second and third week). During the first 3 wk of life
the role of tissue transglutaminase (tTG) was studied in rat lung by immunostaining of cryostat and paraf-
fin sections, by Northern and Western blotting, and by a quantitative determination of 
 
g
 
-glutamyl-
 
e
 
-lysine.
While enzyme activity and intracellular tTG were already present before term, the enzyme product
(
 
g
 
-glutamyl-
 
e
 
-lysine-crosslink) and extracellular tTG appeared between postnatal days 10 and 19 in the
lung parenchyma. In large blood vessels and large airways, which mature earlier than the parenchyma,
both the enzyme product and extracellular tTG had already appeared at the end of the first postnatal week.
We conclude that tTG is expressed and externalized into the extracellular matrix of lung shortly before
maturation of an organ area. Because tTG covalently and irreversibly crosslinks extracellular matrix pro-
teins, we hypothesize that it may prevent or delay further remodeling of basement membranes and may
stabilize other extracellular components, such as microfibrils.
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Transglutaminases are enzymes which Ca
 
2
 
1
 
-dependently
catalyze a post-translational modification of proteins. The
enzyme reaction leads to the formation of an isopeptide bond
either within or between polypeptide chains. It is referred to
as R-glutaminyl-peptide, amine-
 
g
 
-glutamyl transferase reac-
tion (EC 2.3.2.13). The 
 
g
 
-glutamyl-
 
e
 
-lysine crosslinks are
formed between the 
 
g
 
-carboxamide group of peptide-bound
glutamine residues and most commonly the 
 
e
 
-amino group
of peptide-bound lysine residues (1, 2). The formation of
the transglutaminase crosslink appears to be “irreversible”
because it seems that nature has not provided an enzyme
for the cleavage of this crosslink in proteins (3). Trans-
glutaminases are abundant enzymes which are involved in
a number of different physiologic processes, e.g., plasma
transglutaminase factor XIII stabilizes the fibrin-clot dur-
ing hemostasis, and keratinocyte and epidermal trans-
glutaminase contribute to the formation of the cornified
envelope in skin (3, 4). 
The physiologic function of tissue transglutaminase
(tTG), a monomeric globular protein with an 
 
M
 
r
 
 of 
 
z
 
 77,000,
is less clear. Intracellular tTG is involved in crosslinking of
cellular proteins during programmed cell death (5). Extra-
cellularly, the enzyme contributes to the stabilization of
extracellular matrices as shown for calcifying cartilage (6,
7) and basement membranes (8–10) during matrix assem-
bly and wound healing (10, 11). Several extracellular ma-
trix proteins have been identified as specific glutaminyl
substrates for tTG. Among these are fibrin(ogen) (12, 13);
fibronectin (14, 15); fibrillin (16–18); vitronectin (19, 20);
nidogen/entactin (8, 21); osteonectin (6, 7); osteopontin
(22, 23); the collagens II (6, 7), V (24), VII (17), and XI
(24); and the N-propeptide of collagen III (25). 
At birth, the mammalian lung is functioning but still im-
mature. In rat, the lung consists of smooth-walled channels
 
(
 
Received in original form August 5, 1996 and in revised form January 21,
1997
 
)
 
Address correspondence to:
 
 Johannes C. Schittny, Dept. of Developmen-
tal Biology, Institute of Anatomy, University of Bern, Buehlstrasse 26,
CH-3012 Bern, Switzerland. E-mail: Schittny@ana.unibe.ch
 
Abbreviations:
 
 bovine serum albumin, BSA; monodansylcadaverine,
DNSC; phosphate buffered saline, PBS; Tris-buffered saline, TBS; tissue
transglutaminase, tTG.
 Schittny, Paulsson, Vallan, 
 
et al.
 
: Transglutaminase Crosslinking in Lung Development 335
which end in saccules (saccular stage). True alveoli are not
yet formed, and the septa of the parenchyma (“primary
septa”) are thick and contain a double capillary network.
Each leaf of this network is located underneath one of the
air-exposed surfaces and they are separated by a core of
connective tissue. After a short phase of expansion of the
lung, “secondary septa” are lifted off the “primary septa,”
resulting in the formation of the alveoli and a distinct en-
largement of the gas-exchange surface. At about 10 days
of age the bulk alveolar formation is completed, and the
phase of alveolarization is followed by the phase of micro-
vascular maturation, which lasts until the end of the third
postnatal week. During the latter phase, most of the low and
thick secondary septa are rapidly turned into high and slen-
der interalveolar walls. The double capillary layers inside the
septa are transformed into a central capillary layer with a
high meshwork density. The absolute mass of interstitial tis-
sue decreases during this process despite an overall volume
gain of the lung of 25%. The final structure of the air/blood
barrier is achieved after the fusion of the epithelial and en-
dothelial basement membranes. Normal growth of the lung
follows (26–29); for review, 
 
see
 
 Burri (30, 31).
In the present study, we investigated the expression and
activity of tTG during lung development. We show that
tTG introduces crosslinks into the extracellular matrix of
vessels, airways, and interairspace walls shortly before their
maturation and, as a result, contributes to the stabilization
of these matrices. 
 
Materials and Methods
 
Animals and Tissues
 
All tissues were obtained from SIV-Z-50, or Wistar, rats.
After abdomen and thorax were opened, the lungs were
perfused with phosphate-buffered saline (PBS 
 
5
 
 10 mM
sodium phosphate, containing 127 mM sodium chloride,
pH 7.4) containing 5 units/ml heparin, 10 mg/ml procaine,
and 10 mM EDTA (Fluka Chemie AG, Buchs, Switzer-
land) via the right ventricle and filled with PBS containing
4% polyvinylpyrrolidon (Merck, Darmstadt, Germany) by
instillation via tracheostomy until the midrespiratory lung
volume was reached. The tissue was immediately removed,
briefly rinsed, and frozen in liquid nitrogen for cryostat sec-
tioning. For extraction of tissues, the lungs were only per-
fused. Fetuses were obtained from timed pregnant animals.
Whole fetuses were frozen either in liquid nitrogen or on
a dry-ice-cooled plate. Fetal homogenates were obtained
from fetal lungs without perfusion or filling.
 
Immunochemical Reagents
 
Antisera to guinea pig tTG (8), to 
 
g
 
-glutamyl-
 
e
 
-lysine cross-
link [
 
g
 
-glutamyl-
 
e
 
-lysine dipeptide-hemocyanin conjugate
(7)], and to the dansyl group [dansylated (hapten) hemocy-
anin (6)] were raised in rabbits and affinity purified when
needed (7, 8). In addition to the described characterization
of the anti-tTG antibody (6–8), we tested for cross-reactiv-
ity to rat factor XIII using Western blots and were not able
to detect any (data not shown). The affinity-purified antibod-
ies were diluted in the required buffers as follows: anti-tTG
1:25–1:30 for immunohistochemistry and 1:100 for immuno-
blotting, anti-
 
g
 
-glutamyl-
 
e
 
-lysine crosslink 1:10, anti-dansyl
1:100 (negative control of anti-
 
g
 
-glutamyl-
 
e
 
-lysine cross-
link), or 1:300 (
 
in situ
 
 staining of transglutaminase activity).
 
Immunohistochemistry
 
Sections of 8–10 
 
m
 
m were cut on a Leica cryostat-microtome
1720 (Leica AG, Zürich, Switzerland) at 
 
2
 
18
 
8
 
C, transferred
onto siliconized (aminopropyl-trimethoxy-silane) micro-
slides, and air-dried overnight at room temperature.
 
Immunofluorescence staining of unfixed cryostat sec-
tions.
 
The sections were rehydrated in PBS (5–10 min),
blocked with PBS containing 1% bovine serum albumin
(PBS/BSA) for 30 min, and incubated with the first anti-
body, which was diluted in PBS/BSA, for 1–2 h. Incuba-
tion was followed by three changes of PBS/BSA before (15
min) and after (30 min) treatment with rhodamine-labeled
secondary antibody (goat antirabbit IgG; Cappel Research
Products, Organon Teknika Co., Durham, NC; 1 mg/ml di-
luted 1:60 in PBS/BSA, 30–60 min). Sections were embed-
ded in Mowiol [PBS containing 15% Hoechst 4.88 (Hoechst
AG, Frankfurt a.M., Germany) and 50 mg/ml 1,4-diazabi-
cyclo(2.2.2)octane (Merck)].
 
Immunoperoxidase staining of fixed cryostat sections.
 
Sections were fixed for 10 min either in acetone at 
 
2
 
20
 
8
 
C,
methanol, or in Tris-buffered saline (TBS) (50 mM Tris/
HCl, pH 7.4, containing 100 mM sodium chloride) contain-
ing 4% paraformaldehyde (freshly prepared). The kind of
fixation used had no influence on the result of the staining
with anti-tTG or anti-
 
g
 
-glutamyl-
 
e
 
-lysine crosslink. The
fixative was removed by rinsing with TBS and the endoge-
nous peroxidases were quenched by incubation in metha-
nol containing 1% hydrogen peroxide. After an additional
washing step (TBS, 3 
 
3
 
 5 min followed by 1 
 
3
 
 TBS con-
taining 1% BSA; TBS/BSA) the sections were incubated
for 1–2 h with antibody diluted in TBS/BSA. Before and
after the application of peroxidase-conjugated swine anti-
rabbit IgG (diluted 1:100 in TBS containing 1% BSA; Da-
kopatts, Glostrup, Denmark), sections were washed 3 times
with TBS. The slides were developed with 3-amino-9-ethyl-
carbazole (Sigma Chemicals Company, St. Louis, MO)/H
 
2
 
O
 
2
 
(6) and embedded in Entellan (Merck). 
 
Detection of transglutaminase activity 
 
in situ
 
.
 
Unfixed
cryosections were rehydrated in TBS, blocked with TBS/
BSA, incubated with 0.1 M Tris/HCl (pH 8.3) containing
5 mM CaCl
 
2
 
 and 15 nM monodansylcadaverine (DNSC;
Serva, Heidelberg, Germany), either with or without 2.7
 
m
 
g of exogenous tTG purified from guinea-pig liver (8),
and further processed for immunofluorescence staining
using the anti-dansyl antibody as described above. The en-
zyme activity of the transglutaminases was inhibited by ad-
dition of 25 mM EDTA to the incubation buffer (8).
All steps were carried out in a moist chamber at room
temperature. Negative controls were performed with non-
specific rabbit IgG or anti-dansyl antibodies, and by a pre-
incubation of anti-tTG antibodies with purified tTG. No
or little nonspecific background was observed in all nega-
tive controls. The samples shown were taken from central
parts of the lung. The immunohistochemical methods used
were not sensitive enough to show significant differences
between central and peripheral regions of the lung. The
stained sections were examined and photographed with
filters appropriate for rhodamine staining or interference
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contrast (when required). All sections needed for one fig-
ure were processed in parallel. The same exposure settings
were used for all immunofluorescence images.
 
Northern Blots
 
Total RNA was prepared using the guanidine thiocyanate
extraction method (32) and enriched for poly-(A)-RNA
according to Maniatis and colleagues (33). Poly(A)-enriched
RNA, 5 
 
m
 
g, was denatured with glyoxal and separated on
1% agarose gels before blotting onto nitrocellulose. Mem-
branes were prehybridized for 4 h in 50% formamide, 4
 
3
 
saline sodium citrate, 5
 
3
 
 Denhardt’s solution, 100 
 
m
 
g/ml
denatured salmon sperm DNA, 0.2% sodium dodecyl sul-
fate, and 0.1% sodium pyrophosphate, and hybridized in
the same solution with randomly primed 
 
32
 
P-labeled oligo-
nucletides corresponding to the tissue-transglutaminase
sequence [clone mTg 7.4 (34)] for 18 h at 42
 
8
 
C. Mem-
branes were washed to a final stringency of 1
 
3
 
 saline so-
dium citrate, 0.2% sodium dodecyl sulfate, at 62
 
8
 
C before
autoradiography. Before rehybridization with randomly
primed 
 
g
 
-actin oligonucletides, membranes were stripped
with 80% formamide, 0.1
 
3
 
 saline sodium citrate, at 80
 
8
 
C.
 
Immunoblotting
 
Lung tissue was homogenized and sequentially extracted
at 4
 
8
 
C, first with TBS containing 0.25 M sucrose; followed
by TBS containing 0.25 M sucrose and 0.5% Triton-X-100;
and third by 4 M guanidine/HCl containing 50 mM Tris/HCl,
pH 7.4. In addition, all buffers contained 10 mM EDTA,
2 mM phenylmethanesulfonyl fluoride, 10 mM 
 
N
 
-ethylmale-
imide, 20 mM benzamidine/HCl, and 100 mM 6-aminohex-
anoic acid as protease inhibitors. Homogenates were centri-
fuged for extraction and washing at 35,000 
 
3
 
 
 
g
 
 for 20 min
at 4
 
8
 
C. After every step of extraction the pellets were
washed. Aliquots of the extractions were reduced with 2-
mercaptoethanol (1%, vol /vol; Fluka Chemie AG), ap-
plied to a 4–20% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel (35), and transferred
onto nitrocellulose (36). Immunostaining was done accord-
ing to the protocol of the ECL Western blot detection re-
agents (enhanced chemiluminescence; Amersham, Amer-
sham, UK). Primary antibody was diluted 1:100 in TBS
containing 5% milk powder, detected by peroxidase-con-
jugated swine antirabbit IgG (diluted 1:500; Dakopatts),
and developed by ECL.
 
HPLC Determination of 
 
g
 
-Glutamyl-
 
e
 
-lysine Crosslink
 
The amount of 
 
g
 
-glutamyl-
 
e
 
-lysine crosslink was measured
in lung tissue homogenates according to Tarcsa and Fésus
(37). Briefly, lungs were homogenized in PBS (volume PBS:
g wet weight 
 
5
 
 4:1) and lyophilized. After rehydration, ex-
tensive enzymatic digestion, and derivatization with phenyl-
isothiocyanate, the obtained 
 
g
 
-glutamyl-
 
e
 
-lysine isodipep-
tides were first separated on a cation exchange resin and a
silica high pressure liquid chromatography (HPLC) column
and then quantified after reversed-phase HPLC.
Figure 1. Northern blots using probes for tTG and for actin were
done on mRNA from lung homogenates obtained 1 day before
the expected birth; on postnatal days 1, 5, 10, and 19; and from
adult tissue. The intensities of the tTG bands were normalized to
the intensity of the corresponding actin band and compared with
adult tissue (both set to 100). Numbers indicate postnatal days;
AD 5 adult.
Figure 2. Western blot of lung homogenates obtained 1 day be-
fore the expected birth (lines 1, 19, 199), on postnatal days 5 (lines
2, 29, 299 ) and 19 (lines 3, 39, 399 ), and from adult animals (lines 4,
49, 499 ). Postnatal lungs were first perfused with PBS in order to
remove most of the erythrocytes, and then extracted step by step
with TBS containing 0.25 M sucrose (left lanes/TBS), followed by
TBS containing 0.5% triton-X-100 (central lanes/Trit), and by 4 M
guanidine (right lanes/Gu). Proteins separated on a 4 to 20%
SDS-PAGE gel were transferred to a nitrocellulose membrane
and immunostained with anti-tTG antibodies. Different concen-
trations of purified guinea-pig tTG were run in lines 5 and 59 as a
standard. The migration positions of molecular weight markers
(96, 67, 42, 30, and 20 kDa) are indicated at the left border of the
figure. 
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Figure 3. Immunofluorescence localization of tTG on unfixed cryosections of rat lung during organ maturation. The tissue was taken
from animals 1 day before the expected birth (A, B), on postnatal days 13 (C, D) and 19 (E, F), and from adult animals (G, H). During
the processing of unfixed cryosections, the cytosolic tTG pool is lost due to its high solubility. The insoluble, extracellular pool of tTG
appears to be tightly bound to the matrix and is therefore predominantly retained and detected under these conditions. Staining for ma-
trix-bound tTG was observed in lung parenchyma first around postnatal day 13 (C) and increased to levels found in mature tissue (G)
within 6 days (E). Left panels show immunofluorescence images; right panels show interference contrast micrographs. Bar: 200 mm.
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Results
 
Analysis of the Expression of mRNA and Protein
 
The expression of tTG was studied by Northern and West-
ern blotting of lung extracts of staged rat embryos. Both
tTG mRNA and protein were already present in homoge-
nates of whole lungs 1 day before term (Figures 1 and 2).
A normalization of the mRNA level to the expression of
actin revealed two small peaks: one at postnatal day-5 and
the second at postnatal day-19. As the observed differ-
ences are smaller than 2-fold, we judged them insignificant
(Figure 1). The same is true for the expression of tTG at
protein level. In all three fractions (TBS, TBS containing
triton-X-100, and guanidine), the concentration of tTG did
not increase significantly between 1 day before term and
adulthood (Figure 2). In both the TBS- and the guanidine-
extract, proteolytic degradation of tTG was observed. All
extraction buffers contained high concentrations of pro-
tease inhibitors. Therefore, it is likely that the degradation
had already occurred 
 
in vivo
 
.
 
Immunostaining of tTG
 
As shown for differentiating chondrocytes (6), tTG is present
in an intracellular and an extracellular pool. While the in-
tracellular pool is highly soluble, the extracellular pool is
Figure 4. Immunoperoxidase localization of tTG on fixed cryosections. Tissue was obtained 1 day before the expected birth (A); at
postnatal days 5 (B), 10 (C), and 19 (D); and from adult animals (E, F). In contrast to Figure 3, the immunoperoxidase staining of fixed
cryosections revealed a staining of both the soluble and insoluble pools of tTG. Anti-dansyl antibodies served as negative control (F).
Immunostaining of the parenchyma and large blood vessels was already observed before term, but the epithelium of large airways was
still negative at this time point (A). A 5 large airway; V 5 large blood vessel; space between arrowheads shows epithelium of a large air-
way. Bar: 50 mm
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quite strongly bound to the extracellular matrix. Both pools
may be distinguished by immunostaining of unfixed cry-
ostat sections with anti-tTG antibodies where the extracel-
lular pool is predominantly detected, and of fixed cryostat
sections where both pools are detected. Extracellular tTG
first appeared in the lung interairspace walls of the paren-
chyma around postnatal day-13 (Figure 3A–D) and in-
creased at postnatal day-19 (Figure 3E and F) to levels
found in mature tissue (Figure 3G and H). Intracellular
tTG appears earlier, and was already detected 1 day be-
fore the expected date of birth (Figure 4A). At 1 day be-
fore term the enzyme is present in the cells of the interair-
space walls and the walls of larger blood vessels, but not in
the epithelium of larger airways. Its expression increases
gradually in maturing and adult tissue (Figure 4B–E). An
apical staining was observed in some epithelial cells of the
bronchioles starting at about postnatal day-10 (Figure 4C–
E). Investigation of the same sections by interference con-
trast revealed that these cells belong to the group of non-
ciliated cells as defined by Jeffery and Reid [(38) and data
not shown]. Negative controls were carried out with unspe-
cific rabbit IgG, or with the anti-dansyl antibodies, respec-
tively, replacing the specific primary antibodies. Negative
control of the immunofluorescence staining revealed a black
Figure 5. Localization of transglutaminase activity on cryosections of rat lung during organ maturation. Tissues from animals 1 day be-
fore the expected birth (A, B), and at postnatal days 13 (C, D) and 19 (E, F ) were incubated in calcium and DNSC containing buffer ei-
ther in the absence or presence of tTG (no tTG present: A, C, E; detection of endogenous transglutaminase activity; tTG present: B, D,
F; detection of the presence of substrate proteins). Incorporated DNSC was subsequently detected with antibodies to the dansyl group
followed by rhodamine-labeled secondary antibody. While substrate proteins are present in similar amounts at all time points (B, D, F ),
endogenous transglutaminase activity is highest before birth (A) and declines to day 19 (E). Before birth the epithelium of the larger air-
ways does not show endogenous transglutaminase activity (arrowheads in panel A), although substrate proteins are present (arrowheads
in panel B). A 5 large airway. Bar: 200 mm.
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Figure 6. Immunoperoxidase localization of the enzyme product of tTG (g-glutamyl-e-lysine crosslink) on cryosections. Immunostain-
ing was performed 1 day before the expected birth (A, B); on postnatal days 5 (C, D), 10 (E, F), and 19 (G); and on adult tissue (H). One
day before term (A), no significant immunostaining of the g-glutamyl-e-lysine crosslink was observed. On postnatal days 5 (C) and 10
(E), only larger airways and blood vessels were g-glutamyl-e-lysine crosslink-positive, but immunostaining appeared over the paren-
chyma, as well as over the airways and blood vessels, on postnatal day 19 (E) and in adult tissue (H). Negative controls using antibodies
against the dansyl group are shown in panels B, D, and F. A 5 large airway; V 5 large blood vessel. Bar: 50 mm
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image similar to that shown in Figure 3A, and the ones of
the peroxidase staining produced only little unspecific back-
ground (Figure 4F).
Detection of Transglutaminase Activity In Situ
Endogenous enzyme activity of transglutaminases was de-
tected as incorporation of DNSC into cryosections and by
immunofluorescence staining of DNSC with an antibody
recognizing the dansyl group, followed by a rhodamine-
labeled secondary antibody. One day before term, a strong
signal of endogenous transglutaminase activity was already
detected in the parenchyma of the lung and in larger blood
vessels, but not in the epithelium of larger airways (Figure
5A). At postnatal days 13 and 19 transglutaminase activity
was present in all compartments of the lung, but the inten-
sity declined somewhat as compared with the prenatal stain-
ing (Figure 5C and E). By the addition of exogenous tTG
to the DNSC solution, the distribution of endogenous sub-
strate proteins of tTG can be detected. With two exceptions,
the same staining as for endogenous enzyme activity was
observed. First, the epithelium of larger prenatal airways
was now positive (Figure 5B); and second, the intensity of
the staining was the same at every time point investigated
(Figure 5B, D, and F). As a control, the enzyme reaction
was performed in calcium-depleted buffer (transglutami-
nases require calcium to be enzymatically active). No fluo-
rescence was detected under these conditions (data not
shown).
Detection of the g-Glutamyl-e-lysine Crosslink
In a second immunohistochemical approach we deter-
mined the distribution of the g-glutamyl-e-lysine crosslink,
the enzyme product of tTG. Methanol-fixed cryosections
were stained with antibodies directed to the crosslink and
secondary, peroxidase labeled, antirabbit IgG. Even if the
g-glutamyl-e-lysine crosslink is produced not only by tTG
but also by every transglutaminase, the tissue distribution of
g-glutamyl-e-lysine crosslink is consistent with the one of
extracellular tTG. At 1 day before term we observed only
weak, presumably nonspecific, staining (Figure 6A and B).
At postnatal days 5 and 10, only the walls of larger airways
and vessels are positive for the crosslink (Figure 6C–F). At
postnatal day 19 and in adult tissue, all parts of the tissue
were stained (Figures 6G and H). In addition, the epithelial
cells of the bronchioles, which were tTG positive, were also
crosslink positive (Figures 6E–H). As shown in Figure 6B,
D, and F, negative controls using the anti-dansyl antibod-
ies revealed only little unspecific background.
Using a highly sensitive HPLC method, the amount of
g-glutamyl-e-lysine crosslink was determined in tissue ho-
mogenates of developing lungs. As shown in Figure 7, the
concentration of g-glutamyl-e-lysine crosslink per gram of
lung (wet weight) increases about 4-fold during postnatal
maturation and reaches a 5-fold level at adulthood. Similar
values were obtained after normalization to milligram of
protein (data not shown).
Discussion
In the present study, we investigated the expression of tTG
during postnatal lung development. As shown for develop-
ing cartilage, tTG appears in an intracellular, highly soluble
pool and an extracellular matrix-bound pool (6). Using un-
fixed and fixed cryosections we were able to distinguish be-
tween these two pools. We found a correlation between
both the extracellular expression of tTG and the amount of
g-glutamyl-e-lysine crosslink, and lung maturation. 
During the second and third postnatal weeks, the last
step of lung development (phase of microvascular matura-
tion) takes place. During this maturation, the overall thick-
ness of the septa between the newly formed alveoli (alveo-
lar septa) decreases. Especially, the volume of the core of
connective tissue in the middle of a septum declines, thus
initiating the capillary layers located at both sides of the
septum to fuse to one capillary network. In addition, the
capillaries get into very close contact with the lung epithe-
lium and the air/blood barrier matures. After the comple-
tion of this process, a normal relative proportional growth
follows (31). In the lung parenchyma, the first appearance
of extracellular tTG (Figure 3) and its enzyme product, the
g-glutamyl-e-lysine crosslink (Figure 6), takes place at the
very end of the second postnatal week, just toward the end
of the phase of active interstitial tissue remodeling and
septal maturation. This last step of lung development in-
cludes a far-reaching reorganization of different extracel-
lular matrices leading to their maturation. Larger airways
and larger blood vessels mature earlier than the paren-
chyma. In these structures, tTG and the g-glutamyl-e-lysine
crosslink are already present at the end of the first postna-
tal week (Figures 6C–F).
At mRNA (Figure 1) and protein (Figure 2) levels, tTG
is present 1 day before the expected date of birth and the
expression of both increases only insignificantly toward
adulthood. As shown by immunostaining of unfixed (Fig-
ure 3) and fixed (Figure 4) cryosections, tTG is stored in-
side the cells until its externalization starts at the very end
of the second postnatal week. Even if we were able to
demonstrate enzyme activity in parallel to the intracellular
Figure 7. Determination of g-glutamyl-e-lysine-dipeptide in lung
homogenates. The tissue was obtained from 5, 10, and 19 days
old, and from adult animals. The amount of the g-glutamyl-e-lysine
crosslink was measured using HPLC after a complete digestion of
the proteins. The concentration is given as nmol g-glutamyl-e-lysine
crosslink per g of lung (wet weight).
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expression of tTG (Figure 5), the enzyme appears to be in-
active until its externalization because g-glutamyl-e-lysine
crosslink was immunohistochemically detected in parallel
to the extracellular appearance of tTG (Figure 6). Based
on these results, we propose a model for lung maturation
where tTG starts to appear and to act in the extracellular
matrices of the lung shortly before and in parallel to the
maturation of these matrices. This model is supported by
our findings that the concentration of g-glutamyl-e-lysine
crosslink increases about 4-fold during postnatal lung mat-
uration (Figure 7).
Our results in developing lung are in good agreement
with the expression of tTG during the maturation of carti-
lage. In the latter tissue, tTG expression is strictly regulated
and correlates with terminal differentiation of chondrocytes,
cartilage calcification in endochondral bone formation, and
maturation of tracheal cartilage (6, 7). The mechanism of a
step-by-step expression of tTG was also found in these sys-
tems. tTG protein is first enriched intracellularly in hyper-
trophic chondrocytes found in long-bone growth plate and
in chondrocytes of trachea. It is subsequently released into
the extracellular space upon terminal differentiation, or mat-
uration of chondrocytes, respectively (6). Furthermore, both
extracellular transglutaminase activity and the appearance
of g-glutamyl-e-lysine crosslink are predominately associ-
ated with the externalization of tTG (6, 7).
A similar stepwise scenario is also seen in wound heal-
ing. In patients who received keratinocyte autografts after
severe burns, the action of tTG in the dermo-epidermal
junction correlates with the clinical stabilization of the
grafts. Anchoring fibrils, one of the targets of tTG, appear
1 wk after grafting, but extracellular tTG and g-glutamyl-
e-lysine crosslinking of anchoring fibrils is not seen before
1 mo after grafting (10).
In our lung system we were not able to distinguish be-
tween intracellular and extracellular transglutaminase ac-
tivity. While in lung the overall expression of tTG increases
slightly during the first 3 wk of life (Figures 1, 2, and 4), the
enzyme activity of transglutaminases declines somewhat
during the same time period (Figure 3). Because the assay
for enzyme activity is not specific for tTG, any other trans-
glutaminase may contribute to the result as well. It is likely
that the high prenatal enzyme activity is caused by a com-
bined action of tTG and of additional members of the fam-
ily of transglutaminases (3, 4). In vivo these additional trans-
glutaminases appear to be silent at least until extracellular
tTG starts to act, because the enzyme product (g-glutamyl-
e-lysine crosslink) appears in parallel to extracellular tTG.
These results indicate that several members of the transglu-
taminase family may be differently expressed in lung tissue.
In order to act extracellularly, tTG has to be external-
ized. It is unlikely that tTG is secreted by the conventional
pathway, because it is located in the cytoplasm and it lacks
the characteristic features of secretory proteins, such as a
signal peptide, glycosylation, and disulfide bonds, even if
potential sites for these modifications are found in its se-
quence (3). The externalization by apoptosis is also un-
likely, even if a peak of programmed cell death was ob-
served in the parenchyma at postnatal day-19 (39). First,
this peak does not explain the extracellular expression of
tTG in larger blood vessels and larger airways. Second, the
number of dying parenchymal cells is most likely too small
to account for the amount of extracellular tTG (39). 
Until now we did not search for the proteins on which
tTG is acting in lung. Because fibrillin (16–18) and ni-
dogen/entactin (8, 21) are crosslinked by tTG in other tis-
sues, it is likely that tTG acts on the same proteins in lung.
In addition, the microfibril-associated glycoprotein may
also be a target (16, 40). Crosslinking of fibrillin and mi-
crofibril-associated glycoprotein would result in a stabili-
zation of the microfibrils as shown in cell culture experi-
ments and human skin (17). Because microfibrils represent
a building block of the elastic fibers, the latter fibers would
also be stabilized. Therefore, one of the functions of tTG
may be the stabilization, or maturation, respectively, of fib-
rilar structures such as the fibrillin-containing microfibrils
(16–18, 40).
Nidogen/entactin represents one of the classic base-
ment membrane proteins. In developing tissues, some
building blocks of basement membranes (like the laminin-
nidogen complex) may be rearranged by reshuffling of
non-covalent crosslinks (41). Upon maturation the poten-
tial for remodeling appears to be altered because the non-
proteolytic extractability of laminin decreases significantly
in adult tissues as compared with embryonic ones (42, 43).
By crosslinking nidogen/entactin to an unknown partner,
tTG may contribute to this alteration. In more general
terms, we hypothesize that tTG and/or other transglutami-
nases contribute to the maturation of basement membranes
by crosslinking its building blocks. Remodeling may still
be possible, but proteolytic enzymes may now be necessary.
Therefore tTG may serve as an agent which contributes to
the regulation of basement membrane remodeling and mat-
uration. 
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